elements of the mariner family are widespread among insects and other invertebrates, and initial analyses of their relationships indicated frequent occurrence of horizontal transfers between hosts. A specific PCR assay was used to screen for additional members of the irritans subfamily of mariners in more than 400 arthropod species. Phylogenetic analysis of cloned PCR fragments indicated that relatively recent horizontal transfers had occurred into the lineages of a fruit fly Drosophila ananassae, the horn fly Haematobia irritans, the African malaria vector mosquito Anopheles gambiae, and a green lacewing Chrysoperla plorabunda. Genomic dot-blot analysis revealed that the copy number in these species varies widely, from about 17,000 copies in the horn fly to three copies in D. ananassae. Multiple copies were sequenced from genomic clones from each of these species and four others with related elements. These sequences confirmed the PCR results, revealing extremely similar elements in each of these four species (greater than 88% DNA and 95% amino acid identity). In particular, the consensus sequence of the transposase gene of the horn fly elements differs by just two base pairs out of 1,044 from that of the lacewing elements. The mosquito lineage has diverged from the other Diptera for over 200 Myr, and the neuropteran last shared a common ancestor with them more than 265 Myr ago, so this high similarity implies that these transposons recently transferred horizontally into each lineage. Their presence in only the closest relatives in at least the lacewing lineage supports this hypothesis. Such horizontal transfers provide an explanation for the evolutionary persistence and widespread distribution of mariner transposons. We propose that the ability to transfer horizontally to new hosts before extinction by mutation in the current host constitutes the primary selective constraint maintaining the sequence conservation of mariners and perhaps other DNA-mediated elements.
Introduction

Transposable
elements are ubiquitous components of genomes (Berg and Howe 1989 ) . In addition to mobility within a genome, they can occasionally undergo horizontal transfer between different species (Kidwell 1992a) . A particularly clear-cut example is the very recent horizontal transfer of the P element from Drosophila willistoni or a close relative to D. melanogaster, an event that might have occurred in this century (Daniels et al. 1990; Kidwell 1992b) . At least two more ancient horizontal transfers are required to explain the phylogenetic relationships of the other known P elements in drosophilids (Clark et al. 1994) . Other elements of the short inverted terminal repeat class, which are known or thought to transpose via a DNA intermediate, are also proposed to have moved horizontally between dro-sophilids (Maruyama and Hart1 199 1; Simmons 1992 ). In each of these cases the species involved are drosophilid flies and so are relatively closely related. Here we describe apparent recent horizontal transfers of mariner elements, transposons of the short inverted terminal repeat class (Hart1 1989)) between distantly related insects, including species of different orders.
The mariner family of transposable elements is named for the original element discovered in D. mauritiana (Hart1 1989). They are small elements around 1,300 bp long with approximately 30 bp inverted terminal repeats, and they contain a single open reading frame encoding a transposase of about 345 amino acids (Robertson 1995) . The mariner family is most closely related to the 7'cl family of transposons found in nematodes, Drosophila, and fish Robertson 1995) . The transposases of this superfamily are related to those of certain ciliate transposons (Tee and TBE) and the IS630 bacterial insertion sequence family and share a conserved, apparently catalytic domain with the transposase of the IS3 family of bacterial insertion sequences and the retroviral/ retrotransposon integrase ( Doak et al. 1994 ).
Horizontal Transfer of a mariner Transposon 85 1
Using a PCR assay that amplifies the middle half of the mariner transposase gene, elements of the mariner family were found to be distributed widely but sporadically in insects and related arthropods (Robertson 1993; Robertson and MacLeod 1993) . These mariners represented at least five major subfamilies, and their phylogenetic relationships were highly incongruent with those of their arthropod hosts, suggesting that their evolutionary history has been dominated by horizontal transfer events. Two of the subfamilies exhibited apparent examples of relatively recent horizontal transfers across orders of insects. Within the mellifera subfamily mariners from insects from three orders (the European honey bee Apis mellifera, the European earwig Forjcula auricularia, and the Mediterranean fruit fly Ceratitis capitata) are unusually closely related (more than 78% DNA identity and 90% amino acid identity). Within the irritans subfamily, the horn fly Haematobia irritans, the malaria vector mosquito Anopheles gambiae, and a green lacewing Chrysoperla plorabunda carry mariners that are even more closely related (more than 88% DNA identity and 95% amino acid identity). Here we describe full-length genomic copies of the latter elements and additional members of this subfamily and examine their molecular evolution.
Material and Methods
Insects
Most of the insects used herein are described in Robertson and MacLeod ( 1993) , and species not therein were collected locally. Additional specimens of various lacewings of the genera Chrysoperla and Chrysopa were obtained from M. Wells, C. Henry, M. Cohen, and E. MacLeod.
Polymerase Chain Reaction
To screen for related irritans subfamily elements, a specific primer ( MAR-25 5R, 5 ' -TTGCCATCGT-TCTCAATGAC) was paired with a more general primer ( MAR-124F, 5 ' -TGGGTNCCNCAYGARYT ) . These primers are described in Robertson ( 1993 ) and were used to screen all 404 arthropod species examined in Robertson and MacLeod ( 1993) . Amplifications using the PCR, purification of products, cloning in plasmids, and DNA sequencing were all as described therein.
Genomic Dot Blot
Genomic DNAs were prepared by standard methods including proteinase K digestion of proteins, phenol extraction of protein, RNase digestion of RNA, and ethanol precipitation, and concentrations determined spectrophotometrically ( Sambrook et al. 1989 ) . These Schleicher and Schuell), fixed by baking, and probed with 32P-labeled Anopheles gambiae.22.5 insert DNA at 45°C in 50% formamide and 5 X SSPE with 2 X Denhardt' s solution, 150 pg/ml sonicated salmon sperm DNA, and 0.25% SDS as blocking agents, and washed at 65°C in 0.1 X SSPE and 0.1% SDS. The film was exposed for 24 hours. From this and additional dot blots containing a finer concentration series, percent of mariner sequences by mass was estimated by comparing by eye the intensity of hybridization with the hybridization to known quantities of the plasmid bearing the probe sequence.
Genomic Libraries and Screen
Genomic libraries were constructed in the lambda ZAP II vector (Stratagene) using DNA completely digested with EcoRl, and screened with the A. gambiae 22.5 PCR insert using conditions similar to the above. The frequencies of positive clones, which were subjected to secondary screens, were in rough agreement with expectations from the dot blot. Inserts were subcloned in vivo into pBluescript (Stratagene) and sequenced in both directions using eight specific internal primers, except for the terminal -50 bp, which were only sequenced outward into the flanking DNA. The strategy of using EcoR 1 -digested DNA for the libraries was generally successful; however, the Dan4 and Aga3 clones were truncated at their 5 ' and 3 ' ends, respectively, by EcoR 1 sites.
Phylogenetic Analysis
Maximum-parsimony phylogenetic analyses were performed with the Macintosh computer program PAUP ~3.1.1 (Swofford 1993) . The Heuristic algorithm was used with random addition of sequences, Tree-BisectionReconnection branch swapping, and 10 replications. For analysis of the PCR fragments, alignment gaps, stop codons, and frameshifts were treated as missing characters.
Results and Discussion
Screen for Related Irritans Subfamily mariners
We employed a more specific PCR assay based on a primer specific to the irritans subfamily mariners (MAR-255R) to identify related elements in other insects. This screen was conducted on most of the 400 DNA samples described in Robertson and MacLeod ( 1993 ) . It revealed related mariners in a drosophilid fly Drosophila ananassae, a platystomatid fly Rivellia quadrtfasciata, a mantispid neuropteran Mantispa pulchella, and a blister beetle Epicauta funebris (pestifera) . Our original general mariner primers, MAR-124F and MAR-276R (Robertson 1993) , were then used to amDNAs were vacuum-blotted onto a nylon filter (Nytran, plify fragments from diverse mariners in each species.
852 Robertson and Lampe In most cases just one or two of the six or more clones sequenced from each species represented elements from the irritans subfamily, the remainder grouping in other subfamilies. The irritans subfamily is defined both on the basis of specific length differences from the other subfamilies and sequence differences that allow their clustering in a phylogenetic tree of mariners (Robertson and MacLeod 1993 ) . These new irritans subfamily sequences join those already found in the cecropia moth Hyalophora cecropia, the bean leaf beetle Cerotoma trifurcata, a drosophilid fly Chymomyza amoena, and a silverfish Ctenolepisma lineata, by the earlier random surveys of insects, and those revealed below by hybridization in the Mediterranean fruit fly Ceratitis capitata.
The phylogenetic relationships of these mariners based on the conceptual translations of these PCR fragments are shown in figure 1. The mariners from H. irritans, D. ananassae, A. gambiae, and C. plorabunda appear to have been involved in particularly recent horizontal transfers because they are most similar to each other. The relationships of the mariners from the other species also do not accord with the host species relationships, indicating that horizontal transfers of these elements occurred in the more distant past. Anopheles gambiae has both the recently transferred element and a more distantly related one.
Copy Numbers per Genome
To estimate the copy number of these elements in each genome, a dot blot of genomic DNA from several of them, plus related species and negative controls, was probed at high stringency with the 22.5 PCR fragment from A. gambiae ( fig. 2) . The intensity of hybridization signal is complicated by the degree of DNA sequence identity, which is as low as 80% for the R. quadrzfisciata elements. Nevertheless, the dot blot clearly indicates that the horn fly H. irritans has a very high copy number of this mariner. We estimate that the mariner elements make up 1% of this genome by mass. The genome size of this muscid fly is approximately 2.2 X lo9 bp ( 2.4 pg per haploid genome; S. Johnston, personal communication); therefore, 2.2 X 10' bp consists of mariner sequences. Dividing by the length of an intact element ( 1,293 bp) yields a copy number of approximately 17,000. For A. gambiae we estimate the elements to make up 0.0 14% of the genome by mass. Given a genome size of 2.6 X lo8 bp (Besansky and Powell 1992) , the copy number is estimated to be 30. This estimate is supported by in situ hybridization to polytene chromosomes of A. gambiae that revealed about 40 widely dispersed euchromatic sites and some hybridization to the chromocenter (0. Mukabayire and N. Besansky, personal communication FIG. 1 .-Fhylogenetic relationships of the irritans subfamily mariners based on conceptual translations of PCR clones or equivalent regions of genomic clones. An arbitrary representative of the 60 equally most parsimonious trees of length 487 is shown. Branch lengths in number of amino acid changes are shown for those nodes present in 100% of these trees using the semistrict consensus option of PAUP. The tree has a consistency index of 0.795, indicating little homoplasy in the data set. The silverfish C. lineata clones were defined as the outgroup for this analysis on the basis of their equally distant relationship to the others (32%42% amino acid identity) and their basal position relative to this subfamily in analyses of the larger PCR fragment dataset (Robertson and MacLeod 1993) . Naming of the PCR clones follows earlier conventions (Robertson 1993) , while the genomic clones are abbreviated Cca = Ceratitis capitata and Dan = Drosophila ananassae. A period after a clone name indicates that the reading frame is closed, and an m indicates that a small insertion was removed for the alignment. a genome size of 2 X 10 * bp yields a copy number of three. This estimate is supported by the genomic clones below, in that we obtained seven clones from this fly that represent only three distinct element copies. The lack of a genome size for C. plorabunda and the higher sequence divergence of elements in C. capitata and R. quadrifasciata preclude accurate estimates for these species. The presence of closely related elements in C. capitata was a surprise, since they were not detected by the specific PCR assay or among 21 PCR fragments from this species sequenced earlier (Robertson and MacLeod 1993) . No signal was detected from the stable fly Stomoxys calcitrans, a relative of the horn fly, or from a congener of C. plorabunda, C. rufilabris. Three mosquitoes from other genera, Culexpipiens, Aedes aegypti, and Aedes albopictus, also do not contain this type of ATATGAAGAAGAAAAAA GTGTTGTTCCACCAAGACAACGCACCGTGCCACAAGTCATTTGCT HMKKKKVLFHQDNAPCHKSLRTMAKIHELGFELL274 * MAR-255R
3.-Consensus of the lacewing genomic sequences, with translation of the putative transposase. The inverted terminal repeats are indicated by overlining, the putative TATA box and polyadenylation signal by double underlining, a possible leucine zipper motif by underlining (the leucines and a valine are in bold), the positions of the various PCR primers by underlining, and the "D,D34D" catalytic domain residues by asterices. The termination codon is indicated by 2. 5' and 3' untranslated regions with the FINDPATbut all but one of the M. pulchella elements were highly TERNS program in the GCG package version 7 (Devdefective, with both internal and terminal deletions (as ereux et al. 1984) using the TFD database (Ghosh 1993) are some of the H. irritans, A. gambiae, and D. ananrevealed a putative TATA box and polyadenylation sig-assae clones in fig. 4 ) and were not considered further. nal, respectively. The conserved amino acid motifs used A single full-length element from the neuropteran M. for design of the general PCR primers (MAR-124F and pulchella is employed as an outgroup and is included in MAR-276R) are indicated as is the location in the DNA fig. 4 . Our inability to amplify a PCR product repreof the specific PCR primer (MAR-255R). The aspartic senting the irritans subfamily from C. capitata is exresidues of the proposed "D,D34D" catalytic domain plained by the sequence of the Cca4 genomic clone which (Doak et al. 1994; Robertson 1995) are highlighted. In crosses this region, revealing that the WVPHEL motif addition, a putative leucine zipper motif was found in to which the MAR-l 24F primer was designed is the N-terminal region using MacPattern 3.2 (Fuchs WVPRLL, yielding a 3-bp mismatch with the primer. 199 1) to search the PROSITE database (Bairoch and This motif is WVPREL in all of the other irritans Bucher 1994). This region of these transposases is subfamily genomic clones, so the amplifications were thought to be involved in binding the inverted terminal nevertheless possible with a 1 -bp mismatch (the arginine repeats (see Robertson 1995 ) .
is encoded by CGC in each clone).
Conceptual translations of the putative transposase
The most remarkable comparison across species is genes from multiple genomic clones for the four species that the consensus sequences of these 1,044 bp genes with the most similar elements are shown in figure 4. In from the green lacewing and the horn fly differ by just addition, two clones each were partially or fully se-2 bp. One is a synonymous A-G transition, and the other quenced from C. capitata, C. amoena, R. quadrifasciata, is a nonsynonymous G-C transversion that causes the and A4. pulchella. Sequences from the latter three species leucine to phenylalanine replacement at position 15 1 were similar to the PCR clone sequences obtained earlier, (fig. 4) . Thus, the consensus transposase sequences from 
FIG.
4.-Alignment of the conceptual translations of the mariner transposase genes. An overall consensus sequence, which is also the consensus of the Chrysoperla plorubundu elements, is shown above. A period indicates identity with the consensus sequence, a dash indicates a gap introduced to maintain alignment, an asterisk indicates a stop codon, and a hash sign indicates a frameshift necessary to maintain an aligned reading frame. The species names are abbreviated to initials. An m after the clone name indicates that at least one of the frameshifts in that clone results from a small insertion that was removed.
these insects in different orders differ by just one amino acid out of 348. The A. gambiae consensus differs from these two by four and five amino acids, respectively.
The transposase genes from the flies are clearly defective in that each contains stop codons and/or indels that would likely render the transposase nonfunctional. The genes from the lacewing are all very similar to each other, differing by less than 1% on the DNA level. Four of the five have open reading frames encoding potentially active transposases, although each has at least one amino acid difference from the consensus sequence, which may be enough to inactivate them. Whether this species contains active elements remains to be determined. The consensus sequences for this species and the horn fly, generated by in vitro mutagenesis from one of the lacewing clones, are being tested for activity in Drosophila melanogaster.
The similarities between these elements in different species extend to the noncoding 5' and 3' regions, as well as the 27 bp inverted terminal repeats ( fig. 5 ). These elements all appear to have induced a TA direct repeat of the genomic DNA upon insertion (the interpretation of the TA as a direct duplication of a genomic target site, rather than as part of the inverted terminal repeats of mariners, is based on observation of the insertion of a mariner element into the white gene of D. mauritiana by Jacobsen et al. [ 19861, and further evidence to this effect is reviewed by Doak et al. [ 19941) . There is no obvious target site in the flanking DNA beyond this TA dinucleotide, although some authors have attempted to discern such a target specificity for mauritiana subfamily mariners (Bigot et al. 1994 ). The 5' and 3' regions and inverted terminal repeats of the H. irritans, A. gambiae, and C. plorabunda elements are extremely similar to each other except for an assymetry of the C. plorabunda inverted terminal repeats, most of which have the terminal two bases of the 5' ends changed from AC to TT. The presence of this change in the sequences normally thought to be important in cis implies that it is compatible with mobility; however, it might reduce the mobility of these mariners in C. plorabunda.
Evolutionary Ages
The hosts of these mariners have been evolving independently for a long time. Haematobia irritans and D. ananassae are in different families (Muscidae and Drosophilidae, representing the sections Calyptratae and Acylyptratae, respectively) in the dipteran suborder Cyclorrapha, while A. gambiae is in the suborder Nematocera. These two families are estimated to be 100 Myr old (Beverley and Wilson 1984) , while the suborders are at least 200 Myr old because they last shared a common ancestor prior to the lower Jurassic ( Hennig 198 1,  p. 435) . Chrysoperla plorabunda is a neuropteran and last shared a common ancestor with these Diptera over 265 Mya, based on the oldest Neuropteran fossil (Carpenter 1976) . It is extremely unlikely that the mariners in these genomes could be conserved to this degree for such a long period of time, and equally unlikely that they could have converged with each other in sequence to such an extent, including the third-codon positions and noncoding regions. Potentially homogenizing processes such as gene conversion do not appear capable of maintaining sequence homogeneity of dispersed copies within a species and, in any case, would not be expected to maintain any particular sequence. Indeed, as described below, the copies generally appear to be evolving neutrally and therefore rapidly within each species. The only reasonable explanation of the sequence similarity of these mariners between these very different host species is that they have transferred horizontally into these lineages in the recent past. The transfer into C. plorabunda, or its ancestor, appears to have been the most recent, based on the low divergence between the copies within its genome.
It is difficult to estimate the timing of these transfers because the rates of molecular evolution of such sequences in these insects are not known. However, if we accept that the copies are evolving from each other within a genome at neutral rates (see below), then the rate of neutral evolution available for drosophilids might be employed. Based on both third-codon positions (e.g., Moriyama and Gojobori 1992) and noncoding spacer regions (e.g., Schliitterer et al. 1994 ), this rate is approximately 1% per Myr, although some segments of the drosophilid genome appear to evolve considerably faster ( Werman et al. 1990; Powell et al. 1993) , and these may well include transposable elements. At this rate the C. plorabunda elements, which differ from each other by less than 1% DNA divergence, have been in this genome for less than half a million years, while the transfers into the other three lineages occurred 1.5-3 Mya (DNA divergence between copies within these species ranges between 3% and 8%). This estimate for C. plorabunda might be too recent, however, because the neutral evolution rate in this lacewing might be slower, in part because it has at most two generations per year, versus about 10 for drosophilid flies.
Related Species
A prediction of the horizontal transfer hypothesis is that these mariners should only be found in the closest relatives of each species. This prediction has been tested most thoroughly for the lacewing C. plorabunda, which has a range of close and distant relatives in North America and Europe that have been studied behaviorally, ecologically, and evolutionarily (Brooks and Barnard 1990; Henry et al. 1993 ) . Specimens of these relatives were examined using the specific PCR assay. Twelve NOTE.-The ratio of these frequencies (KS/KU) is given to indicate the similarity to an expectation of 1 .O for neutral evolution. For the within-species comparisons, the mean and standard error of all pairwise comparisons is presented. For the between-species comparisons the consensus sequences from each were used, and the standard error is determined as part of the calculation (Nei and Gojobori 1986) . Chrysoperla plorabunda is part of a sibling species complex, and the two other species in this complex examined, C. carnea from Europe and C. johnsoni from western North America, were also positive for this mariner, as was the closely related species C. downesi. However, five more distantly related congeners examined were negative (C. rufilabris, C. harrisi, C. Comanche, C. congrua, and C. externa), as were three species of the related genus Chrysopa (C. nigricornis, C. oculata, and C. quadripunctata). The genomic dot blot ( fig. 2) 
Patterns of Evolution
The copies of these mariners within each species appear to be evolving largely independently of each other. This pattern is particularly clear for the H. irritans copies, each of which has independently accumulated many amino acid changes, stop codons, and indels causing frameshifts. Just four of the 100 such changes (excluding synonymous mutations) are shared between two clones (a W at position 239 and a Y at position 267). These are just five copies among many thousands in this genome, however, so some tree structure similar to that found in the other species might become apparent with sequencing of more copies.
The mode of evolution of the copies within a genome can be examined by computing the frequencies of synonymous and nonsynonymous nucleotide substitutions. These calculations require fully aligned sequences without gaps, so each pair of sequences was separately compared after removal of the gaps that affect each pairing. The frequencies were computed with the Macintosh program KsKaCalc (H. Akashi, personal communication), which derives them following Nei and Gojobori ( 1986) are now evolving essentially as pseudogenes, given their multiple stop codons and frameshifts, and are well on their way to joining the background "junk" DNA of these species, as indeed the M. pulchella, C. ceratitis, R. quadrifasciata, and C. amoena elements appear to have done.
In contrast, the consensus sequences of the mariners from the four species, which we interpret as representing the active versions that transferred horizontally, or at least active descendants thereof, appear to be under at least some selective constraint.
Derivation of majorityrule consensus sequences was straightforward for all but D. ananassae, for which the three sequences do not allow determination of a consensus at all positions. At ambiguous positions the nucleotide shared with the other three species, or failing that the M. pulchella sequence, was used. The frequency of nonsynonymous changes is still similar to that of synonymous changes for most comparisons, with the exception of the C. plorabunda-H. irritans comparison where the small sample size of just one change of each kind yields a relatively high synonymous frequency (table 1) . However, three of the five amino acid replacements between the C. plorabunda, A. gambiae, and D. anannassae consensus sequences are conservative, and none are in highly conserved regions of the transposase where even conservative amino acid replacements might affect function. As discussed below, these elements have probably undergone many horizontal transfers before arriving in each of these species, so the consensus sequences, especially those from C. plorabunda and H. irritans, have remained remarkably unchanged through repeated cycles of transfers over long periods of time. Thus horizontal transfers appear to provide the primary selective constraint on the transposase sequence, in particular conserving the motifs that allow ready recognition of mariner family elements (Robertson 1995) and the use of PCR primers to detect them (Robertson 1993) .
Phylogenetic Analysis
The phylogenetic relationships of the transposase genes from these genomic copies were determined as before using maximum parsimony ( fig.. 6 ) . They agree well with the relationships obtained using the PCR fragments but provide some additional resolution. An unusual feature of this tree is the very slow apparent rate of evolution of the C. plorabunda mariners versus those of the other species. This difference might be explained in part by the possible slower rates of molecular evolution in this lacewing; however, explanation of the presence of an autapomorphic amino acid change, the leucine to phenylalanine at position 15 1, in the H. irritans elements requires consideration of the pattern of horizontal transfers. We found these closely related mariners in four of fig. 1 . All amino acids were weighted equally, and stop codons, frameshifts, and indels not causing a frameshift were all included and weighted as single events to allow realistic representation of the lengths of branches. Most of the latter changes are particular to specific clones and therefore only lengthen the branches to each clone and do not affect the relationships in the tree. Ten independent runs each yielded 440 equally parsimonious trees 299 steps long, a particular example of which is shown here. Branch lengths in number of amino acid changes are shown for branches that support nodes found in at least 50% of the trees using the semistrict consensus of PAUP. The consistency index was 0.96, indicating almost no homoplasy in this data set. the approximately 400 insect species examined, so similar (e.g., within 90% DNA identity) mariners can be expected in many more species, perhaps numbering into the hundreds given the at least one million extant insect species. Each of the transfers described here therefore likely came from other insect lineages we did not examine, and they might even be found in other metazoa (see below). We therefore conclude that the transfer into the C. plorabunda lineage is indeed recent, but the progenitor element had been conserved for a long time, probably through many horizontal transfers. In contrast, the progenitor of the H. irritans elements acquired its single amino acid change a long time ago, before its transfer into this lineage, a transfer that occurred long before the transfer into C. plorabunda.
Mechanism of Horizontal Transfer
Several possible vectors for horizontal transfer of transposable elements have been proposed (Kidwell 860 Robertson and Lampe 1992a, 1992b) , including a mite as a potential vector of the P element between D. willistoni and D. melanogaster (Houck et al. 199 1) . The transfer of mariners across these large taxonomic distances makes this issue appear even more enigmatic. As noted above, the horizontal transfers most likely did not occur directly among these four lineages, so it is not possible to infer anything about the mechanism from any possible ecological or other connections between them. The transfers must nevertheless have occurred between different families and orders. The ability of this particular kind of mariner, and perhaps any mariner, to function in such diverse hosts suggests that they are not dependent on specific host factors for activity. This apparent attribute makes them particularly attractive as possible transformation vectors for insects, other arthropods, and perhaps even more widely with the discovery of mariners in other phyla (see below).
Molecular Evolution of mariners
Several authors have raised the possibility that horizontal transfers of such transposons to new hosts might be more than evolutionary curiosities, that they might be fundamental to the evolution and persistence of these elements (Maruyama and Hart1 199 1; Hurst et al. 1992; Clark et al. 1994 ). This argument receives strong support from our observations, and we propose that the molecular evolution of these transposons is in fact centered on horizontal transfers to new hosts. We imagine that after a horizontal transfer there is a relatively brief window of opportunity for another horizontal transfer to a new host. Upon entering a new lineage a mariner would expand its copy number within the host-species genome. With sufficient gene flow within the species it would come to have many copies within the genome of every individual of the species. The recent spread of the P element throughout the species D. melanogaster is an excellent example of such a spread and increase in copy number (Daniels et al. 1990; Kidwell 1992b) . How the eventual copy number is determined for mariners is unclear. For the P element it appears to involve repression of mobility by particular versions of the element itself, involving modifications to the element and/or particular insertion positions (e.g., Robertson and Engels 1989; Misra et al. 1993; Rasmusson et al. 1993) , but regulation of mariner activity is not understood, and there is great variability in copy number per species. Each copy then evolves neutrally with little if any gene conversion between copies. The ultimate fate of most of these copies will be loss of transposase activity under mutational drift, as evidenced in various stages for the mariners described here, and they will eventually become unrecognizable. Because this is a stochastic process, some copies may remain for some time with no changes or only a few changes that do not inactivate them, and these will be candidates for horizontal transfer. Horizontal transfers occur rarely on any but an evolutionary timescale, and perhaps involve a multitude of mechanisms, but it is reasonable to assume that they involve a single copy of an active element. They therefore constitute the primary selective force conserving the transposase gene and the inverted terminal repeats.
Transposons of the mariner family have now been found in a wide diversity of animals, including many insects and some mites ( Robertson and MacLeod 1993; Jeyaprakash and Hoy 1995 ) , a nematode (Sedensky et al. 1994; Robertson 1995 ) , a flatworm (Garcia-Fernandez et al. 1993), and a cnidarian (H. Robertson, unpublished data), and most of this distribution can be attributed to horizontal transfers. Several additional examples of distant horizontal transfers of mariner elements have recently been discovered. First, Lohe et al. ( 1994) describe a mariner of the mellifera subfamily from Drosophila erecta that has 97% DNA identity with a PCR clone amplified from the cat flea Ctenocephalides felis (Robertson 1993 (Garcia-Fernandez et al. 1995 ) revealed that the several thousand copies in this genome are extremely similar to each other, indicating a recent divergence from a single ancestral element, which appears to have been transferred horizontally into the lineage recently because these elements are absent from all closely and distantly related flatworms examined. These elements have 75% amino acid identity with mariner PCR fragments amplified from an acrobat ant Crematogaster cerasi (Robertson and MacLeod 1993) . Use of our general mariner PCR primers revealed that there are an additional four kinds of mariners in the genome of this flatworm, all of which cluster phylogenetically within subfamilies already known from insects (H. Robertson, unpublished data) . Subsequent examination of a cnidarian, Hydra littoralis, revealed at least five distinct kinds of mariners, most of which also cluster within the subfamilies already described from insects (H. Robertson, unpublished data) . This pattern of evolution by horizontal transfer into new hosts is therefore likely to be general for at least the mariner family of elements, and probably other related families such as the 7'cl family (Henikoff 1992; Radice et al. 1994; Robertson 1995) . We anticipate that it will also be relevant to the other short inverted terminal repeat elements such as P and hobo in Drosophila, elements whose distribution in other insects is just beginning to be studied (Perkins and Howells 1992; Atkinson et al. 1993; Devault and Narang 1994; Robertson and Lampe 1995) . Only examination of many species be-yond the model organisms typically examined genetically and molecularly will allow detection of these patterns of horizontal transfer.
Availability of Sequences
The sequences of PCR fragments not already in GenBank have been deposited (accession numbers U 10054-U 10058 ) . All genomic sequences in figures 4
and 5 have been deposited (accession numbers U 1164 l-U11659). The fragmented genomic sequences from C. capitata, C. amoena, A4. pulchella, and R. quadrifasciata are available from the first author.
